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Pressure applied to the plates compresses the 4 in~ of Kaowool to 3 in., and the plates are then attached to the supports resulting in an initial maximum preload to the plates of 3 psi. The General Atomic Company tested Kaowool to determine the effects of temperature, time, irradiation, and different amounts of precompression. 2 From these data, it was determined that the initial plate preload would decrease from 3 psi to 0.75 psi due to loss of resiliency at elevated temperature for a relatively short period of time.
The topical report 1 (GA-LTR-1) gives the design bases for the core cooling systems as determined by subjecting the core and PCRV internals to a set of hypothetical thermal transients to establish the conditions at which component damage could occur. For purposes of evaluating transient severity, two threshold limits for temperatures of important primary system components are defined:
Damage Limit -Defined as that component temperature at which damage may be incurred to the extent that normal plant operation may not be resumed without repairs. "Damage" is defined as the condition when total creep deformation strain exceeds the design limit by 1%. For the square plate, the damage limit was reported as 1800°F for 10 hr; for the hexagonal plate as 1000°F for 10 hr. Critical Safety Limit -Defined as that component temperature at which damage may be incurred to the extent that it would interfere with effective core cooling. Exceeding the "Critical Safety Limit" results in "failure", which is defined as the condition where total creep deformation strain exceeds the design limit by 3%. For the square plate, the damage limit was reported to be 2000°F for l hr; for the hexagonal plate as l230°F for l hr.
An additional failure of the thermal barrier system is the condition in which the metal cover plates deflect excessively and the insulating material is no longer compressed against the liner of the PCRV. Such failure could result in local excessive heat input to the PCRV cooling system and possibly a buckling failure of the liner in that area. Collapse of the thermal barrier itself could introduce debris into the coolant flow causing blockage of some flow passages.
As the plates deflect under the load, the initial uniform pressure due to the precompressed insulation is reduced. This relationship between the deflection of the plates and the pressure was assumed to be linear. This variable loading was taken into account in the EPACA computer program3 which was used to provide a finite element analysis for the elastic, plastic, and creep strains produced by the specified loading conditions. The EPACA computer program is described in Appendix A.
METHOD OF ANALYSIS
The finite element method necessitates the modeling of the component to be analyzed as an assemblage of elements. In this case, the members to be analyzed were a square plate, Fig. 1 , and a hexagonal plate, Fig, 2 , Their symmetrical shapes and loads required only one quadrant to be modeled. and analyzed, thereby simplifying the calculations. The outlines of the quadrants are hatched in Figs. 1 and 2 . In both cases, the semicircular recesses were ignored and· a·· straight edged outline was assumed.
Although these recesses could lead to stress peaks in the elastic region, these peaks will level off in the plastic region. Also, the washers supporting these plates (see Fig. 3 ) tend to mitigate any eventual adverse effects of the recesses.
The finite ele~ent model of the square plate_ is shown in Fig. 4 . The quadrant of the plate was uniformly subdivided into 49 elements.
connected by 64 nodal points. The boundary conditions on two adjacent edges simulated the presence of the remaining parts by restricting the rotations about the x andy axes. Furthermore, the plate was simply supported on the three corners of these same edges, leaving one corner free (Fig. 4) • The int.ert:1al operation of the code requires the specification of a number of Gaussian integration points in the plane of the plate and parallel to each side of the element. Two such points along each axis were specified. Furthermore, six layers of these points were specified through the thickness for a total of 24 integrating points in each element (see Fig, ·5 ), which is sufficient for accuracy within ±10%. The strains and stresses at these points have a certain amount of freedom to take on the necessary values (see Appendix A),
The hexagonal plate was represented for the finite element analysis as shown in Fig, 6 . In this case, there were 65 nodal points connecting 48 elements. The edges along the x andy axes were restricted from rotations, as in the case of the square plate, to simulate the remainder of the plate. Furthermore, the plate was simply supported at the points indic.ated on Fig. 6 . ... A preliminary analysis showed that the hexagonal plate remained substantially in the elastic region, thus only three integration layers were required through the thickness, although four·points were specified in the plane of the plate as in the case of the square plate.
As exPlained in the appendix, the total load is applied in small For the hexagonal plate, the material properties were those for 2\% C:r-1% Mo at l000°F for 10 hr and l200°F for 1 hr. They can be closely approximated by the so-called bilinear representation and are shown in The General Atomic Company had specified the use of carbon steel for the hexagonal plate. However, no data for isochronous stress-strain curves for l000°F and 1200°F were available, so the superior high temperature material, 2\% C:r-1% Mo, was substituted because it appeared satisfactory f'or the service, and the needed isochronous stress-strain curves were available from ASME code case 1592.
For both plates, the isotropic hardening rule was used in analysis.
Since no load reversals occurred, this is of little consequence; however, operation of the code requires the specification of either isotropic or kinematic hardening. 
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(B) Fig. 9 . Average stress-strain curves for 2~% Cr-1% Ho used in the finite element analysis of the hexagonal plate. Source ASHE code case 1592.
(A) For 1200°F and 1 hour; (B) 1000°F and 10 hours.
The results of the analysis for the square plate show that the maximum total (elastic, plastic, and creep) strains are 0.35% and 0.54% at l800°F and 2000°~, respectively. These strains occurred close to the midside supports, which would correspond to the elements designated ".a" in the finite element representation, Fig. 4 . Moreover, the plates have also undergone extensive inelastic yielding so that they have become permanently warped even under the small loads to which they w~re subjected. This is due to the very small elastic strength remaining in the plates at these high temperatures. Anotqer manifestation of this is the fact that the free corners of the plate ~ill displace more than lin., thus indicating they lift off the insulation, thereby failing to meet one of the design criteria. This occurred for both temperatures, the displacement of the free carrier being 1. . 'l'hey are, however, adequate to indicate a possible problem.
The deformed shape of the quadrant analyzed is shown in Fig. 10 .
The remaining portions of the square plate deflect in a symmetric manner about the x andy axes.
Results for the hexagonal plate did not reveal any such problem.
In fact, they indicate that the plate remained substantially elastic and no inelastic strains occurred for the ~%-Cr-1% Mo material substituted for the analysis. The maximum equivalent stresses were of the order of 10 ksi, sufficiently below the yield stress of 11.25 ksi, at the higher temperature level of l200°F for l hr considered.
The maximum deflection of the hexagonal plate was 0.43 in. which occurred at corner C ( Fig. 6) and was for the l200°F temperature. Although the ~% Cr-1% Mo hexagonal plate was found satisfactory, it must be concluded that the integrity of the carbon steel plates at the specified conqitions would be very doubtful since available data show the strepgth of carbon steel to decrease rapidly at temperatures above 800°F. 6 Many of th~.plate liners for the prestressed concrete reactor are curved rather than flat and are of sizes other than those analyzed in ·this study. Since the plates are typical, the results _indicate mos~ of the plates would satisfy the "Damage Limit" and "Critic.al Safety Limit"
if ~% Cr-1% Mo material were used instead of carbon steel for the hexagonal plates.
•. anywhere between four (two parallel to each of the elements) to sixtyfour (8 X 8). Furthermore, three to six layers of these integration points could be specified depending upon the degree of "yielding" in thes~ layers. In this analysis, because of the extensive yielding, six layers were specified. There were, therefore, 24 points at which the stresses and strains were calculated; correspondingly, each element had that many "internal degrees of freedom", roughly speaking. Hence, the number of elements or nodal points required for an analysis does not need to be as great as with other codes which employ constant strain elements.
APPENDIX
The 'loads are applied in increments since the theory is formulated in an incremental fonn. The choice of the size of the.se increments is still very much a matter of trial and error plus some experience based upon similar analysis. At the end of each step, a test is made at every integration point to determine whether it is on the yield surface (if yielding has occurred at that point). If it deviates from the yield surface by more than a specified tolerance (0.1%), then controls are set for iterative steps whose purpose it is to bring these points back to the yield surface.
Furthermore, at the end of every incremental or iterative step, the unbalanced loads due to the deviations from equilibrium between the calculated loads, and the actual external loads are corrected in the subsequent steps. ' 
